We investigated the large-scale connection between African aerosol and precipitation in the West African Monsoon (WAM) region using 8-year (2000-2007) monthly and daily Moderate Resolution Imaging Spectroradiometer (MODIS) aerosol products (aerosol optical depth, fine mode fraction) and Tropical Rainfall Measuring Mission (TRMM) precipitation and rain type. These high-quality data further confirmed our previous results that the large-scale link between aerosol and precipitation in this region undergoes distinct seasonal and spatial variability. Previously detected suppression of precipitation during months of high aerosol concentration occurs in both convective and stratiform rain, but not systematically in shallow rain. This suggests the suppression of deep convection due to the aerosol. Based on the seasonal cycle of dust and smoke and their geographical distribution, our data suggest that both dust (coarse mode aerosol) and smoke (fine mode aerosol) contribute to the precipitation suppression. However, the dust effect is evident over the Gulf of Guinea while the smoke effect is evident over both land and ocean. A back trajectory analysis further demonstrates that the precipitation reduction is statistically linked to the upwind aerosol concentration. This study suggests that African aerosol outbreaks in the WAM region can influence precipitation in the local monsoon system which has direct societal impact on the local community. It calls for more systematic investigations to determine the modulating mechanisms using both observational and modeling approaches.
Introduction
Aerosol affects the Earth's energy cycle (e.g., Kaufman et al 2002) , biogeochemical cycle (e.g., Okin et al 2004) , and hydrological cycle (e.g., Gunn and Phillips 1957, Ramanathan et al 2001) through its radiative forcing and microphysical effects. In the postulated aerosol indirect effects, the cloud lifetime effect and semi-direct effect suppress precipitation and the glaciation effect enhances precipitation; but how the aerosol thermodynamic effect may induce precipitation change is still largely uncertain (Denman et al 2007) . Large uncertainties can come from many factors, including cloud types, ambient moisture and atmospheric instability (Lohmann and Lesins 2002 , Matsui et al 2004 , Menon 2004 , Segal et al 2004 , Koren et al 2005 , Tao et al 2007 , and the aerosol characteristics (Kaufman et al 2005a , Rosenfeld 1999 , Huang et al 2007 . But our current understanding of the complexity of biochemical properties of aerosols and their complications for aerosol-precipitation interaction is still poor. Although many global climate models estimate the global mean change in precipitation due to the aerosol effect (e.g., Menon et al 2002 , Menon and Del Genio 2007 , Takemura et al 2005 , Lohmann and Diehl 2006 , only a few observational studies have attempted to quantify the largescale links between aerosol and precipitation (e.g., Mahowald and Kiehl 2003 , Quaas et al 2004 , Quaas and Boucher 2005 , Quaas et al 2006 . As a result, the global precipitation change attributable to aerosol is still unknown (Denman et al 2007) .
African aerosols, including dust and biomass burning smoke, have attracted increasing scientific attention in the past decade. Mineral dust, mainly from the Saharan and SahelSoudan regions Lamb 2003, Washington and Todd 2005) , and smoke from active biomass burning areas in equatorial and central Africa (e.g., Hao and Liu 1994) are strongly advected by winds to the West African Monsoon (WAM) region, as observed from various satellite sources (Kaufman et al 2002 , Myhre et al 2005 , Chiapello et al 2005 . Because of the proximity of the WAM system to one of the world's largest and most active aerosol emission regions, this region is an ideal natural laboratory to test aerosol effects on precipitation. If there is any significant large-scale aerosol effect on precipitation at all, it should be more readily detected in this region.
Using long-term, low-resolution satellite data, we have recently shown a large-scale link between aerosol and precipitation over the coastal region of West Africa (Huang et al 2009a) . A composite analysis based on monthly data indicates that, when aerosol concentrations are high, precipitation is low in the boreal cold season. This precipitation reduction cannot be linearly attributed to major climate factors and ambient moisture. In this study, we use more recent satellite data of high resolution and quality to investigate the extent to which the observed large-scale relationship between the two can be interpreted as an aerosol effect on precipitation. The challenge here is to distinguish this effect from rainfall effects on aerosol. Presumably, low precipitation may result from suppression by aerosol, or the aerosol concentration is high because of the reduced washout effect when precipitation is low. While this is extremely difficult to study solely based on observations, some useful insight might be obtained if the precipitation reduction is further scrutinized in terms of the rain type, rate, location, and time. This is the focus of this study.
The data and methodology used in this study are introduced in section 2. Section 3 presents the results. A summary and discussions are given in section 4.
Data and methods

Datasets
The data analysis period is 2000-2007. We used the Level-3 (version 5) global-gridded 1
• × 1 • Moderate Resolution Imaging Spectroradiometer (MODIS) Aerosol Optical Depth (AOD) for aerosol loading (Kaufman et al 1997) . For the latest five years (2003) (2004) (2005) (2006) (2007) , we used the Deep Blue Aqua-MODIS AOD over bright land surfaces. As a unique MODIS variable, the aerosol fine mode fraction (FMF) was also used to distinguish aerosol species and composition, in particular dust as contrasted to smoke.
For precipitation over the same period, we used the globalgridded 0.25
• × 0.25 • Tropical Rainfall Measuring Mission (TRMM) 3B43 (monthly) and 3B42 (daily) products (Fisher 2004) . We also used TRMM precipitation radar (PR) product 3A25 to indicate the rain types: deep convective, stratiform, or shallow rain.
The major known climate factors which modulate the natural variability of aerosol and precipitation in West Africa are identified as the El-Nino Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), and Atlantic zonal and meridional sea surface temperature (SST) modes. We used the monthly NINO3.0 index (Philander 1990) , the NAO index (Hurrell 1995), the ATL3.0 index (Zebiak 1993) , and the TNA-TSA index (Servain 1991) to represent their respective anomalies.
Methods
Considering the synoptic scales of African aerosol outbreaks, we assume that the aerosol variability outside of a rain band will be similar to the aerosol variability within the rain band. By selecting a relatively larger aerosol domain than the precipitation domain and by using the domain average aerosol rather than aerosol at each grid, the washout effect can be minimized in our examination of possible aerosol impacts on precipitation (Huang et al 2009a) . The data processing procedure of our composite analysis is as follows. We first calculated anomalies by removing the seasonal cycle; then we removed the effects of climate factors (ENSO, NAO, Atlantic Zonal and Meridional SST modes) through multivariate regression; the residual anomalies were normalized by the domain averaged monthly standard deviation. The normalized aerosol anomalies were sorted into three (high, middle, and low) terciles. Each tercile evenly covers every calendar month throughout the year. The precipitation distributions in high aerosol and low aerosol tercile-months were made in composites and the differences were used to show the precipitation change attributable to aerosol. We use the TRMM data to decompose the total precipitation into different rain types and rain rate and we use the MODIS fine mode fraction to roughly discriminate dust and smoke. The probability distribution functions (PDFs) of the daily rain rate in the high and low aerosol tercile-months are compared and differences are calculated. Similar steps can be repeated for fine and coarse AOD, or for each rain type such as convective, stratiform, and shallow rain.
For daily data analysis, we followed a back trajectory and regression analysis approach as adopted by Hui et al (2008) . Precipitation on a certain date at a specific grid point was paired up with upwind aerosol at the endpoints of back trajectories 1-3 days earlier. The back trajectory analysis relates the precipitation change to upwind aerosols that are more responsible for changing cloud and precipitating processes along the path, so as to avoid the confounding washout effect which occurs more locally when precipitation and aerosol are measured on the same day and at the same location (Hui et al 2008) . Thus the investigation can focus on the effect of aerosol on precipitation without the complication of wet-deposition at the same location. We used precipitation anomalies with the seasonal cycle removed. For back trajectory analysis, we calculated 1, 2 and 3 day back trajectories starting with 1500 or 3000 m heights. These typical heights were justified in the preliminary CALIPSO results in Huang et al (2009b) . We first identified centers of 20 subgrids within In the regression analysis on the paired aerosol and precipitation datasets, the AOD values were divided logarithmically into 20 bins and regressed against the average of their corresponding precipitation anomalies. Additional PDF analysis was also conducted by comparing the data distributions of precipitation when aerosol is high or low in the anomalies.
Results
Eight-year climatology
Climatological means of aerosol and precipitation derived from MODIS and TRMM are shown in figure 1(a). The 8-year mean AOD in the African Aerosol (AA) domain is about 0.35 and the mean precipitation in the West Africa Monsoon (WAM) domain is about 3 mm day −1 . Along the coast of the Gulf of Guinea are the highest mean AOD and highest standard deviation as well (not shown). Also located along the coast is the highest mean precipitation standard deviation (4 mm day −1 ). The mean annual cycles of aerosol and precipitation are shown in figure 1(b) . The highest AOD and variance occur in the boreal cold season when the precipitation mean is relatively less than in other seasons. In summer, the monsoon rain band is flanked by Sahara mineral dust from the north and African biomass burning smokes from the south.
Composite analysis from monthly data
A regression analysis was conducted between the AA-domain averaged aerosol and the WAM-domain averaged precipitation. The inverse correlation between the two variables is significant at the 99% confidence level. As seen in figure 2(a), when the aerosol normalized anomalies are close to one, all precipitation normalized anomalies are negative. This is difficult to interpret in terms of the washout effect. Because of the episodic nature of African dust and smoke, low precipitation does not necessarily lead to high aerosol concentration. A difference composite of precipitation normalized anomalies between the high and low terciles of aerosol normalized anomalies is shown in figure 2(b) . The largest precipitation reductions were observed along the coast of the Gulf of Guinea where the strongest aerosol variances are located. This inverse link features a strong seasonal cycle: precipitation is reduced more in the boreal cold season than in the boreal summer (figure 2(c)). Again, this is difficult to interpret in terms of the washout effect, which would lead to a larger signal in aerosol when precipitation is stronger (e.g., in summer). As in Huang et al (2009a), we have removed the components in precipitation and aerosol that are linearly coherent with known climate and weather factors (e.g., ENSO, NAO, SST, water vapor). So the observed precipitation reduction cannot be explained by these factors, at least in a linear sense.
To further understand the nature of the precipitation reduction, we next examine whether this reduction depends on rain type. Figures 2(d) -(f) demonstrate the difference composites for convective, stratiform, and shallow rain, respectively, in terms of their annual cycles. The inverse aerosol-precipitation link is seen in convective and stratiform rain, but it appears relatively weaker in the shallow rain. It is interesting to note that there is large suppression of shallow convective rain in the southern WAM domain over the ocean (figure 2(f)) starting around mid year when biomass burning smoke from central and southern Africa can be transported to this area. It appears from figures 2(c)-(f) that the rainfall reduction in all seasons is always located near the coast (∼5
• N) rather than following the seasonal migration of the monsoon rain band. This is another feature hardly explainable in terms of the washout effect. The total precipitation change between the equator and 7.5
• N corresponding to figure 2(c) is on average −0.35 mm day −1 , 9% of the domain mean precipitation. But this value can be as high as −1.8 mm day −1 at certain locations. Within each rain type, the aerosol-associated precipitation changes in percentage of their monthly means are 8%, 9%, and 1% for convective, stratiform and shallow rain, respectively. Because the relative contributions from convective, stratiform, and shallow rain to the total surface precipitation are 55:44:1, the weak suppression in shallow rain should not contribute significantly to the precipitation change in the monsoon.
To see whether the precipitation changes are related equally to fine and coarse mode particles, we use the fine mode fraction (FMF) of MODIS to distinguish smoke (high FMF) from dust (low FMF). Two additional precipitation composites were made: one between high and low terciles of the normalized anomalies of fine mode AOD (high smoke versus low smoke, FAOD = FMF × AOD), and another between high and low terciles of normalized anomalies of coarse mode AOD (high dust versus low dust, CAOD = (1 − FMF) × AOD). The results suggest that both fine and coarse modes can lead to precipitation reduction (figures 2(g) and (h)). However, the dust induced precipitation suppression is more significant off shore along the Gulf of Guinea; in contrast, the smoke induced precipitation suppression happens both in the western Sahel and in the Gulf. This subtle difference might be related to how precipitating clouds react to different types of aerosol, but is hard to explain in terms of the washout effect.
Next, we divided the WAM domain into four subdomains from north (in land) to south (over the ocean) (figure 3(e)) to see whether and how aerosol-related precipitation reduction depends on the rain rate over land and ocean. For the four subdomains, respectively, figures 3(a)-(d) show the contribution from each rain rate to the total daily precipitation changes (calculated as PDF difference multiplied by each rain rate in the unit of mm day −1 ) between the high and low aerosol tercile-months with stratified daily precipitation changes in each subdomain ( figure 3(e) ). There is an interesting dependence on the rain rate, which varies systematically from the southern maritime environment to the northern continental environment: subdomains C and D show more precipitation reduction while subdomain A shows more precipitation enhancement and subdomain B has a transitional feature.
In subdomain C, where the total precipitation decreases significantly with increasing AOD, there were more non-precipitating days (5.4% increase) in high aerosol tercile-months than in low aerosol tercile-months; rain rates beyond 10 mm day −1 were generally suppressed when changes in precipitation anomalies were negative, but the total contributions from 10 to 50 mm day −1 were highest ( figure 3(c) ). For subdomain D, the suppression in the rain rates is similar except the precipitation reduction is not as high as that in subdomain C ( figure 3(d) ). In both subdomains C and D, changes in rain rate higher than 30 mm day −1 are predominant in determining the signs of total precipitation change in the anomalies (figures 3(c), and (d)). The situation is opposite in subdomain A: in the high aerosol tercilemonths relative to low aerosol tercile-months, precipitation increased at most rain rates with a maximum in the range 20-60 mm day −1 . Such rain rate enhancement contributes directly to the positive precipitation anomalies which are largely seen in subdomain A ( figure 3(a) ).
Back trajectory analysis from daily data
The cause and effect of the observed precipitation reduction were further investigated using a back trajectory analysis.
As described in section 2.2, we traced the backward wind trajectories from where rainfall reductions are observed and we assumed that aerosol was transported along these trajectories. We are interested in knowing how the observed precipitation change is linked to upwind aerosol along the trajectories 1, 2, or 3 days before they reached where rainfall reduction occurred.
The WAM domain was uniformly divided into 20 5
• × 5
• grid boxes starting from the most southwesterly corner (2.5
• S, 15
• W), yielding 10 boxes in the northern half and 10 in the southern half. A starting point for a back trajectory is the center of a box at a certain vertical level at day 0. The corresponding endpoints would be wherever the back trajectory stops at day 1, 2, and 3, respectively. All endpoints of the 3-day back trajectories indicate that aerosol in the WAM domain came from both the north and the south. For the northern WAM domain, the back trajectories cover both land and ocean areas; in contrast, for the southern WAM domain, the back trajectories lead generally to the South Atlantic Ocean.
The AOD values at the endpoints were logarithmically divided into 20 bins, and compared to the averages of their corresponding precipitation anomalies at the starting points of back trajectory. The only significant (at the 99% confidence level) inverse correlation was found for 2-day and 3-day back trajectories with 3000 m starting height (see figure 4 ) in boreal winter. With AOD increasing from 0 to 1.7, the precipitation anomalies decrease from +0.2 to −0.7 mm day −1 . This change of 0.9 mm day −1 is about 30% of the 8-year climatology mean precipitation ( figure 1(a) ). These back trajectory analyses further rule out the possibility that the observed inverse relationship between aerosol and rainfall can be interpreted in terms of the washout effect.
Summary and discussion
Summary
Huang et al (2009a) have observed a large-scale precipitation reduction in the WAM region associated with high aerosol based on long-term low-resolution satellite data. In this present study, we have used high-resolution and high-quality MODIS aerosol and TRMM precipitation datasets to investigate how the observed inverse relationship between aerosol and precipitation should be interpreted. In particular, we are interested in whether we can rule out the possibility that the observed inverse relationship is due to the washout effect of precipitation on aerosol. The main results from this study are as follows.
(1) When the aerosol concentration was very high, only negative precipitation anomalies were observed ( figure 2(a) ). (2) Aerosol-related rainfall reductions were observed in different types of precipitation (convective, stratiform, and shallow) but they all occurred along the Gulf of Guinea coast and peaked in the boreal cold season rather than following the seasonal migration of the monsoon rain band inland and peaking in summer when monsoon rainfall is strongest. (3) Both dust and smoke lead to precipitation reductions. But the dust-related reduction is more predominant over the Gulf of Guinea, while the smoke-related reduction is seen over both the western Sahel and the Gulf. (4) The aerosol-related precipitation changes are sensitive to rain rate. The largest changes in precipitation were observed only at weak to moderate rain rates and not at very high rain rates. (5) The observed inverse relationship between aerosol and precipitation exists not only simultaneously but also between precipitation and upwind aerosol 2 and 3 days back.
None of these results can readily be explained in terms of the washout effect of precipitation. The washout effect is expected to lead to an inverse relationship between precipitation and aerosol that is more significant when rainfall is stronger and otherwise show no dependence on the rain type and rate. Based on these results, we suggest that the observed inverse relationship between precipitation and aerosol is a manifestation of the suppressing effect of aerosol on rainfall.
Discussion
To advance our understanding on the aerosol effect in this region, we emphasize the following aspects of our study.
(1) The net aerosol effect on precipitation in the WAM region appears more negative. The suppression can either come from aerosol radiative effect or microphysical effect. First, aerosol can cause surface cooling and atmospheric heating by absorbing and scattering solar radiation, thus reducing the atmospheric instability to prevent shallow convection to evolve into deep convection and stratiform rain which are the major contributors to total surface precipitation. Our observational results are consistent with a global climate model simulation on the black carbon direct radiative effect (Wang 2007) . This consistency signifies that direct radiative forcing is attributable to causing the precipitation suppression. The latest model simulation of the direct radiative forcing of black carbon with the two-moment aerosol scheme (Kim et al 2008) produced even more significant precipitation suppression that is consistent with our observations in the central domain of the West African region. Our results are also in line with existing understanding of the aerosol effect on precipitation. We observed the most significant large-scale links between aerosol and precipitation in boreal winter when smoke is equally dominant to dust in the region (Kaufman et al 2005b , Torres et al 2002 ; as an effective CCN, smoke suppress warm convective precipitation (e.g., Rosenfeld 1999 , Andreae et al 2004 . Aerosol concentration in the West Africa is one of the highest in the world. The radiative effect is more dominant over any microphysical effect when the amount of aerosol is excessive (Rosenfeld et al 2008) . Observations on Amazon smoke showed that the cloud fraction is inhibited strongly by the aerosol radiative effect when the AOD increases after exceeding a threshold (Koren et al 2008) . Thus, it is plausible that the direct radiative effect from smoke is at least one of the main contributors to the current results. Second, from a microphysical point of view, aerosol is known to reduce the precipitation efficiency by creating much smaller cloud droplets. The radiation absorbed by absorbing aerosol can evaporate smaller cloud droplets more effectively, thus burn out clouds, prevent deep convection, and suppress precipitation. The precipitation suppression implies, from the microphysical point of view, the dominant role of the cloud lifetime effect and semi-direct effect of aerosol over the glaciation effect in the WAM region. (2) The reason why the large-scale aerosol effect on shallow convective precipitation is not observed as systematically as that on deep convection is probably due to two factors: one is that the shallow precipitation is usually at a small rain rate (<5 mm day −1 ) with large data uncertainties; the second is that it might involve the timing of aerosols affecting cloud processing and the relative altitude of aerosol to cloud. These factors determine how the instability changes with the aerosol radiative effect. However, the argument is inconclusive. It should be elucidated further in future investigations. (3) Although its influence was intentionally minimized, the washout effect may still explain part of the observed large-scale aerosol-precipitation link. To minimize the influence from the washout effect, in the use of monthly data, we adopted a larger aerosol domain and only used the temporal variability of aerosol averaged over the AA domain based on the fact that aerosol outbreaks often occur in synoptic scales; in the use of daily data, we used back trajectory analysis to avoid matching up aerosol and precipitation in the same time and at the same location. In addition to the comparison to model simulations, from observations we further provide three reasons why our current results are more indicative of aerosol effect on precipitation rather than of washout effect. First, the seasonal cycle and spatial pattern of our results are significantly different from a global model simulation of washout (Huang et al 2009a) . Second, in boreal summer when we have the monsoon at its northernmost position and aerosols are also prevailing, the washout should be the most significant but our results do not indicate this. This implies that washout effect by itself cannot explain the observed spatial and seasonal variability of aerosolprecipitation interaction. Third, the washout effect cannot explain the sensitivity of precipitation changes to rain rates. (4) The results from the composite approach using monthly data and the results from the back trajectory approach using daily data are in some cases consistent and in others inconsistent. An example is the aerosol effect sensitivity to the rain rate in the northern WAM domain over land (domain A, figure 3) compared to those over ocean (domains C and D) . Complications from aerosol sources and transport levels along the forward trajectory also cause uncertainties in the current interpretation of daily data analysis. All these warrant more investigations to establish the validity of these differences and, if valid, to elucidate possible mechanisms. (5) We selected 1500 and 3000 m starting levels in the back trajectory analysis in this study, based largely on past studies of dust transport in this region. It is possible now to obtain the altitude-resolved climatology of aerosols using CALIPSO data. It will be interesting to combine such climatology with back trajectory analysis to better understand the transport of aerosols in this region and the linkage to rainfall. (6) The precipitation changes attributable to dust or smoke are based on crude assumptions of size relationships (e.g., Kaufman et al 2002 , Kaufman et al 2005a . Nonetheless our results suggest that this association warrants further study. (7) We only used 8-year datasets due to the limited data availability of these high-quality data.
More reliable results will be obtainable when more data become available in future. 
